Abstract-The effects of a propagating surface acoustic wave (SAW) on the transitions in single-and multiple-quantum-well structures and the change in their absorption and refractive index are presented here. The fundamental difference between the effects of an applied electric field and a propagating SAW are those due to a linear and a nonlinear induced field, respectively. The electron and hole energy eigenvalues and envelope functions of the unperturbed structure are determined. The effect of the SAW-induced strain and electric fields on the confining potential of the quantum-well (QW) structure is then calculated and the energy eigenvalues and envelope functions for this perturbed case are determined. The complex refractive index of the structure is then determined for both the perturbed and unperturbed cases, to give the change in refractive index and the absorption coefficient as a function of SAW wavelength, amplitude, barrier composition, well width, and number of wells. The wavelength (ac) and power of the SAW were found to be important in setting the induced changes in the refractive index.
The Effects of Surface AcousticI. INTRODUCTION S URFACE acoustic waves (SAW's) have been used for a range of electronic signal processing applications [1] , including filters, correlators, and delay lines. With the continual need for greater device efficiency and signal processing power and higher degrees of optoelectronic integration, acoustooptic devices are interesting for the development of efficient, wide bandwidth Bragg diffraction devices in quantum-well (QW) structures, such as AlGaAs-GaAs [2] . Typical devices include tunable acoustooptic filters and beam deflectors.
In bulk materials, the propagation of SAW's produces a periodic ripple on the sample surface which acts as a diffraction grating and may be used for modulation, diffraction, and filtering of optical beams. In III-V semiconductor QW structures, which are piezoelectric, the propagating SAW induces strain which induces an electric field which modifies the QW optical properties in addition to the surface ripple.
With current semiconductor growth techniques such as molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD), the growth of multilayer and multiple-quantum-well (MQW) structures is well established, Manuscript received March 19, 1997 ; revised September 30, 1997. This work was supported in part by the HKUGC.
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Publisher Item Identifier S 0018-9197(98) 01083-5. and useful devices which rely on the enhanced electrooptic and electroabsorptive properties of QW structures have been demonstrated [3] , [4] . The effects of strain and linear electric fields on the properties of QW structures are well documented [5] , [6] , and for certain crystallographic growth orientations strain-induced piezoelectric fields have been demonstrated in InGaAs-GaAs strained QW structures, which may be of use for device operation [7] . SAW's are very useful for the realization of adaptive signal processing devices as the signal is concentrated at the surface and hence is readily accessible, have low power requirements, and operate most readily in the 10-MHz to 1-GHz frequency range. It is of interest to model the effect of SAW's on the optical properties of QW structures, as a first step to device design. To this end, a number of devices have already been proposed [8] , [9] .
In terms of experimental studies of the effects of SAW's on QW structures, there are no reports of the effects of SAW's on the optical properties of QW structures. However, the SAW-induced piezoelectric field has been used in acoustic charge transport devices [10] and the effects of the SAWinduced field on the transverse acoustoelectric voltage have been studied in GaAs-InGaAs superlattices [11] . However, in a previous paper, we have shown that with the material parameters used here, the predicted diffraction efficiency of QW structures was similar to that achieved in AlGaAs-GaAs heterostructure diffraction devices [12] , thereby demonstrating that the parameters used here are suitable for such studies.
The fundamental difference between the effects of an applied voltage and the SAW-induced field is due to the fact that the former has a linear field while the latter produces a field which decays with distance from the sample surface [13] . Consequently, its effect is greatest near the surface so that those QW's experience a greater electrooptic than do those further below the surface. In contrast, MQW waveguide characteristics are determined by the properties of all of the QW's in the structure so that there is a degree of independent control of the electrooptic and waveguide characteristics, thereby allowing the structure to be optimized for a range of applications. In addition, the SAW generates a grating which has been shown to be useful for high-efficiency diffraction. Combining the SAWinduced diffraction and the SAW-induced electrooptic effect means that these structures are suitable for both modulators and for routing switches, the latter being possible due to the presence of the SAW-induced grating.
0018-9197/98$10.00 © 1998 IEEE Optimization of the acoustooptic interaction in QW structures is important for the development of a number of signal processing devices, such as acoustooptic tunable filters for wavelength-division multiplexing and their integration with other optoelectronic devices.
In this paper, we present the results of our calculations of the effect of SAW's on the change of the optical properties of single and multiple AlGaAs-GaAs QW structures. In particular, the refractive index changes due to the deformation of envelope wave functions in QW structures due to a SAW propagating on the sample surface are presented here. The effects of exciton, which are greatest around the band-edge wavelength of the structure, on the changes in refractive index and absorption have not been included here as such devices are unlikely to be operated around the fundamental band-edge. Electrooptic QW modulators operate at wavelengths of low electroabsorption which are somewhat longer than the bandedge wavelength where excitonic effects are not important.
The propagation of SAW's on GaAs and other III-V materials has been studied using simple analytical techniques for bulk materials [14] and by matrix methods involving field matching at the interfaces for multilayer structures [15] . Here the Laguerre polynomial [16] method was used to determine the strain and induced piezoelectric fields for arbitrary layer thickness and composition of the Al Ga As barrier layers. The confined state energies and envelope functions of the electrons and holes and the "allowed" transitions in the QW structure are determined with and without the additional perturbation of the SAW. Then the absorption coefficient and refractive index variation in the QW structure are calculated from the dipole moments formed between the electron and holes.
II. THEORETICAL CONSIDERATIONS

A. QW Transitions (Electron-Hole Energy Levels and Envelope Functions)
The propagation of a SAW on the surface of a semiconductor structure contributes a time-dependent perturbation to the one-electron energy levels and wave functions of the QW structure. Typical SAW propagation velocities on AlGaAs-GaAs multilayer structures are 3000 ms [17] . Since the focus of the work here is on the influence of the SAW on the optical properties of the QW structure, it is appropriate as a first approximation to treat the SAW as a stationary wave. Since is typically 1 m, the oscillatory nature of the SAW has a slower spatial variation than that of the QW confining potential. Consequently, it is appropriate to express the problem within the envelope function approximation. The QW subband edge states at the -valley can be calculated within the envelope function approximation [18] , using a Ben-Daniel and Duke model [19] , resulting in a one-dimensional (1-D) Schrödinger-like equation (1) which is solved for the electron and hole energy levels and envelope wave functions. Here represents the growth direction, i.e., normal to the plane of the QW's, is the confining potential, is the effective mass of either electrons or holes, represents the envelope wave function of either an electron or hole, corresponding to the th confined subband energy level . A SAW propagating on the surface of an AlGaAs-GaAs QW structure in the direction on the plane induces both a depthdependent strain and a piezoelectric field [13] . Both of these effects contribute additional terms to the shape of the confining potential , experienced by the electrons and holes. In the case of the electric field, the additional term in is the electric potential corresponding to the piezoelectric field and using the Laguerre polynomial method is given by the following expansion: (2) where labels the th Laguerre polynomial and in reality the summation can be truncated to a finite number of terms without any significant loss of accuracy, e.g., if the series is truncated to 5, further terms are found to contribute less than 0.01% to the final summation, and is given by (3) where is the th Laguerre polynomial, the definition of which is taken from [20] .
The strain induced by the SAW also affects the shape of the QW potential. Adachi [21] gives the strain Hamiltonian at in the zinc blend type crystal, which is derived from the theory of Pikus and Bir [22] . Strains of the order of a few percent can have large and important effects on the electronic band structure of semiconducting materials [23] and are commonly used in device operation. In SAW-generated piezoelectric fields, the strains are significantly less than 0.1%, and therefore are not thought large enough to produce bandgap changes that will significantly affect the confining potential in QW structures. For this reason, the SAW-induced strain has not been included in the calculations, resulting in a treatment involving only the SAW-induced electric field.
The effects of the electrons-holes tunnelling out of the structure are also ignored here, and, as such, only wellconfined states are considered. In reality, tunnelling will be important for device design and the SAW-induced potential could increase these effects as the shape of the confining potential changes.
B. Refractive Index of QW Structure
The complex refractive index of a QW structure is derived from density matrix theory [24] , and the real and imaginary parts can be expressed as [25] (4) and (5) where is the well thickness, is the reduced electron-hole effective mass, is the electron confined energy level of the th electron measured from the bottom of the conduction band, is the equivalent for holes measured from the top of the valence band, is the bulk bandgap energy, and and are the Fermi functions for the electrons in the conduction band and in the valence band, respectively. The lower limit of the integral is , which is the transition energy for an electron in the th state and a hole in the th state. is the refractive index of the QW structure without electron-hole pairs and is the intraband relaxation time, is the mean square of the dipole moment formed by an electron in subband and a hole in subband . The light hole band has been neglected in (4) and (5) since the density of states of this band is much smaller than that of the heavy hole band [25] . The matrix element of the dipole moment formed between an electron in the conduction band and a heavy hole in the valence band is given by (6) where the wave functions here are expressed in the envelope function approximation and as such consist of a slowly varying envelope function and a Bloch function possessing the periodicity of the lattice potential. The calculation of the mean square of the dipole moment follows the approach given in detail in [24] and [25] . Here we have included the overlap between electron and hole envelope functions, since the induced electric field will disrupt the orthogonality of the envelope functions.
C. Procedure
When the SAW propagates across the surface of the MQW structure, a piezoelectric field is set up that has an oscillatory dependence in the propagation direction of the SAW and an exponentially decaying depth dependence. Assuming the static approximation we consider the effect of the electric field on the confining potential at a specific point along the SAW propagation direction. For large SAW wavelengths , i.e., 10 m, the SAW-induced electric potential is linear, giving rise to a constant electric field across the MQW structure. As is decreased the nonlinearities in the SAW induced potential become more significant. In this sense, we expect any differences between the case of a constant electric field applied across an MQW structure, and this case, to increase with decreasing . Equation (1) was solved using a finite difference approximation and reexpressed in dimensionless form as a standard Sturm-Liouville problem [26] . The eigenvalues of the resulting tridiagonal matrix were found by solving the determinant equation using a bisection method [27] and inverse iteration [28] was then used to improve the accuracy of the solutions and to find the eigenvectors.
Equations (4) and (5) were solved numerically using a Romberg integration method [29] employing an extended midpoint rule [29] . 
III. RESULTS AND DISCUSSION
A. SAW-Induced Changes in the QW Subband Structure
The presence of a SAW induces both strain and electric fields, both of which have the potential to modify the optical properties of the QW structure. However, as has been mentioned, due to the very low level of the induced strains they have no significant effects while the strain-induced piezoelectric field is much more significant. The SAW-induced piezoelectric field tilts the potential profile of the QW so that the QW becomes asymmetric. This change has the effect of modifying the transition energies and wavefunctions and, because the QW is asymmetric, the normal selection rules for "allowed" transitions are changed so that additional transitions become "allowed" and contribute to the optical properties of the QW structure. The effect on the transition energies due to the induced piezoelectric field are shown in Table I and show that the transition energies change by up to 4 meV due to the presence of the SAW together with commensurate increases in the value of the overlap integrals. In addition, additional transitions which were forbidden in the as-grown structure become allowed and are seen to have small but finite overlap integrals. These SAW-induced changes in the QW transitions result in changes in the absorption coefficient and refractive index which are discussed below.
B. SAW-Induced Changes in the Optical Properties of QW Structures
The width of the QW has a significant effect on the energy of the confined states in the QW and as the well width increases the energy of the confined states in the well decreases while the number of confined states within the well increases with well width. The same effects can also be obtained by keeping the well width constant and varying the depth of the QW by varying the composition of the barrier layer. As the energy levels move closer to the bottom of the well, the transition energies of the electrons and holes confined in the wells correspond to longer optical wavelengths. The values of interest are much larger than the well width, so that for a given acoustic wave perturbation, the induced strain modifies the transition in the QW, thereby modifying both the absorption and refractive index of the structure.
In this paper, we have assumed that the contribution of the continuum states above the well to the refractive index and absorption coefficient are constant and we have calculated the change in the absorption coefficient and refractive index due to the changes in the characteristics of the confined states only.
The peak change in the refractive index due to the presence of the SAW is shown to shift to longer optical wavelengths with increasing well width. This effect is shown in Fig. 1 , where the spectral change in refractive index due to the presence of the SAW is plotted for different quantum well widths. These results show that the SAW causes a reduction of the real part of the refractive index and the associated change in the absorption coefficient is shown in Fig. 2 . The steps in the absorption curve arise as this curve is comprised of the absorption coefficient of each allowed transition in the structure, each of which have different transition energies and thus band-edge wavelengths. As the well width increases, the absorption curve moves to longer optical wavelengths, since the ground state transition energy is reduced, and the effects of further transitions are effective with the optical wavelength range considered here. Of significance is the fact that the absorption above an optical wavelength of around 1 m is negligible, suggesting that devices that rely solely on changes in the real part of the refractive index could operate effectively in this region as significant changes occur in this region, as shown in Fig. 1 .
The effect of Al composition of the QW barrier layers on the variation of the refractive index (see Fig. 3 ) are not as significant as those due to well-width variations. Fig. 3 is for Al compositions of 35%, 55%, and 75%, a well width of 90Å, a of 2 m, and an acoustic power of 10 mW. Increasing the Al fraction increases the depth of the confining potential barriers in the QW structure, and the energies of the electron and hole confined states move away from the bottom of their respective potential wells. This process increases the transition energies and is reflected in the e1-hh1 transition peak shifts shown in Fig. 3 . The Al fraction also affects the size of the SAW-induced potential due to the variation of the piezoelectric constant with Al fraction [13] and the SAW-induced electric field increases with increasing Al content accordingly. It would be expected that this process would increase the refractive index shifts with Al content, which would be in opposition to the effect of the increased confinement. It is thought that this could explain, at least qualitatively, why the SAW-induced refractive index variations shown in Fig. 3 do not seem to be particularly sensitive to Al content.
determines the rate of decay of the SAW-induced strain field into the structure. Consequently, assuming a constant power flow that is independent of , the amplitude of the SAW-induced potential at the surface of the structure will be constant and the gradient of the induced potential (i.e., the electric field) will increase with decreasing , as shown in Fig. 4(a) . The increased SAW-induced electric field in the QW produces larger shifts in transition energies and hence increases in the refractive index of the structure [see Fig. 4(b) ]. The maximum change in refractive index occurs for the smallest , with values as high as 0.4% for of 2 m for which the corresponding optical absorption is very low and has not changed, which demonstrates its potential as a modulator. For a SAW velocity of 3000 ms , this corresponds to an acoustic frequency of 1.5 GHz which is near the upper frequency limit for practical SAW devices.
Increasing the acoustic power increases the magnitude of the SAW-induced potential at the surface of the structure. For a constant , the gradient of the SAW-induced potential is expected to increase, resulting in a larger electric field within the QW region, as shown in Fig. 5(a) . In a similar manner to the effect of , this increases the changes in refractive index due to the SAW, increasing to 0.4% at a wavelength region above the band-edge wavelength for 50-mW acoustic power [see Fig. 5(b) ].
The addition of more QW's to the structure to make an MQW structure has one major difference to the results shown above for single QW structures. Since it is directly due to the nonlinearity of the SAW-induced potential, it is unlikely to be seen in structures employing a constant electric field across the structure. Since the depth dependence of the SAW-induced potential is inherently nonlinear and the corresponding electric field is essentially the gradient of the potential variation, each QW in the MQW layer will experience a different perturbing electric field, depending on its depth and the penetration of the SAW. For a structure with five QW's, it can be seen that the gradient of the confining potential varies between QW's when the SAW is turned on (see Fig. 6 ). This suggests that variations in the change of refractive index across the structure are expected for MQW's, which is confirmed by the results. These variations in the shift of refractive index increase slightly with increasing well width but the major variation is due to (see Figs. 7 and 8, which give results for two and five QW's, respectively). Each QW that is added to the structure experiences a different SAW-induced electric field, which leads to a broadening of the effect as the number of QW's is increased. The QW that is nearest to the surface experiences the highest perturbing electric field, hence, for example, in Fig. 7 the upper curve of each pair corresponds to the QW that is closest to the surface. Keeping as large as possible will minimize this effect, however, this would also decrease the observable refractive index change.
IV. CONCLUSION
The results presented above show that the dominant effect of the SAW on the optical properties of the QW structure is the SAW-induced piezoelectric field which shifts the transition energies by up to 4 meV. These field-induced changes allow some of the previously "forbidden" transitions to become "allowed." These changes in the subband structure of the QW structure result in significant changes in the absorption coefficient and refractive index of the structure.
The SAW-induced changes in the absorption coefficient and refractive index of the structure are determined by the SAW frequency and the thickness and composition of the individual layers in the MQW structure. The SAW-induced refractive index changes are both negative and are much more sensitive to the well width than the Al fraction in the barriers. The absorption coefficient of the structure shows the same trend. The SAW-induced potential increases with reducing which results in large positive changes in the refractive index, with the changes being larger just above the band-edge wavelength of the material. Similarly, increasing the SAW acoustic power results in negative increases in the change of refractive index which again are greater near the bandedge wavelength. Increasing the number of QW's from two to five increases the maximum negative change in refractive index. All of these effects do not take into account the effects of excitons which will modify the characteristics around the band edge.
